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ABSTRACT

The proposed Occupational Safety and Health Administration health
standards define an exposure measurement action level as one half of the
permissible exposure limit currently found in 29 CFR 1910.1000, Tables
Z-1, 7-2, and Z-3. The action level is the point at which certain
provisions of the proposed standards must be initiated, such as periodic
employee exposure measurements and training of employees.

The proposed employee exposure monitoring requirements are
presented. Comparisions are made between employee exposure monitoring
programs and industrial quality control programs. The application of
the normal and lognormal frequency distributions to exposure
measurements is discussed. Typical occupational variabilities
(geometric standard deviations) for particulate, gas, and vapor samples
are presented. Statistical theory is given for tolerance Timits on time

weighted average (TWA) daily exposures and associated employee risk
curves.

The action level was set with the view that the employer should
minimize the probability that even a very low percentage of actual daily
employee exposure (8-hour TWA) averages exceed the standard. Employee
risk curves are presented which show the varying probability (risk) that
at least 5% of an employee's unmeasured true daily exposure averages
will exceed the standard given the fact that the one day's measurement
happened to fall below the standard by a specified amount. This
calculated risk is almost solely a function of the day to day
variability of the true 8-hour TWA exposures. Measurement error makes a
very minor contribution to the calculated risk curves.



INTRODUCTION

The objective of this report is to explain the necessity for an
employee exposure monitoring action level and its relation to
occupational environmental variability. The National Institute for
Occupational Safety and Health (NIOSH) and the Occupational Safety and
Health Administration (OSHA) have had underway since early 1974 a
Joint Standards Completion Program (SCP). Federal regulations 29 CFR
1910.1000, Tables Z-1, Z-2, and Z-3 (formerly 1910.93, Tables G-1, G-
2, and G-3) established permissible exposure 1imits for approximately
400 chemical substances. OSHA proposes to amend 29 CFR Part 1910 with

standards which, if adopted, will establish requirements for each
chemical substance regarding such areas as:

measurement of employee exposure,

medical surveillance,

methods of compliance,

handling and use of Tiquid forms of the substance,
employee training,

recordkeeping,

sanitation and housekeeping.

SNOYO B W N e
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The proposed standards define the action level as one half of the
permissible exposure 1imit currently found in 29 CFR 1910.1000, Tables
Z-1, 7Z-2, and Z-3. The action level is the point at which certain
provisions of the proposed standards must be initiated, such as
periodic employee exposure measurements, training of employees, and
medical surveillance (if appropriate for the particular substance).

Section 6(b)(7) of the Occupational Safety and Health Act of 1970
(PL-91-596) directs that, where appropriate, occupational health
standards shall provide for monitoring or measuring employee exposure
at such locations and intervals in such a manner as may be necessary
for the protection of employees. NIOSH and OSHA recognized the need
to designate an exposure measurement level at which these procedures
become appropriate. The function of the action level is to designate
this exposure measurement level.

NIOSH and OSHA decided that the action level, which triggers the
periodic exposure measurement requirements, be set with the primary
consideration of protecting employees from overexposure (exposures
exceeding the permissible exposure Timit). An exposure monitoring
program triggered by an employee exposure measurement exceeding the
action level was considered preferable to a monitoring program that
includes all employees regardless of their exposures because it was
felt that an action level concept would provide the necessary employee
protection in conjunction with minimum burden to the employer.



The employer should be confident that no employee is being
overexposed. Thus the action level was set with the philosophy that the
employer should minimize the probability that even a very low percentage
of actual daily employee exposure (8-hour TWA) averages exceed the
standard. That is, the employer should monitor employees in such a
fashion that he has a high degree of confidence that a very high
percentage of actual daily exposures are below the standard.
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PROPOSED EMPLOYEE EXPOSURE MONITORING REQUIREMENTS

On 8 May 1975, OSHA published the first six substance health
standards as proposed rules in the Federal Register. Below are
reprinted the sections (b) and (c) requirements for 2-butanone. These
sections will be the same in each SCP substance health standard.

(b) Exposure determination and measurement., (1) Each employer
who has a place of employment in which 2-butanone is released into the
workplace air shall determine if any employee may be exposed to
airborne concentration of 2-butanone at or above the action level.
The determination shall be made each time there is a change in
production process or control measures which could result in an
increase in airborne concentration of 2-butanone.

(2) A written record of the determination shall be made and shall
contain at least the following information:

(i) Any information, observation, or calculations which may
indicate employee exposure to 2-butanone;

(ii) Any measurements of 2-butanone taken;

(iii) Any employee complaints of symptoms which may be
attributable to exposure to 2-butanone; and

(iv) Date of determination, work being performed at the time,
location within the work site, name and social security number of each
employee considered.

(3) If the employer determines that any employee may be exposed
to 2-butanone at or above the action level, the exposure of the
employee in each work operation who is believed to have the greatest
exposure shall be measured. The exposure measurement shall be
representative of the maximum eight-hour time weighted average
exposure of the employee.

(4) If the exposure measurement taken pursuant to paragraph
(b) (3) of this section reveals employee exposure to 2-butanone at or
above the action level, the employer shall:

(1) Identify all employees who may be exposed at or above the
action level; and

(ii) Measure the exposure of the employees so identified.

(5) If an employee exposure measurement reveals that an employee
is exposed to 2-butanone at or above the action level, but not above
the permissible exposure, the exposure of that employee shall be
measured at least every two months.

(6) If an employee exposure measurement reveals an employee is
exposed to 2-butancne above the permissible exposure, the employer
shall:

(1) Measure the exposure of the employee so exposed monthly:

(ii) Institute control measures as required by paragraph (d) of
this section; and

(iii) Individually notify, in writing, within five days, every
employee who is found to be exposed to 2-butanone above the
permissible exposure. The employee shall also be notified of the
corrective action being taken to reduce the exposure to at or below
the permissible exposure.



(7) If two consecutive employee exposure measurements taken at
lease one week apart reveal that the employee is exposed to 2-butanone
below the action level, the employer may terminate measurement for the
employee.,

(8) For purposes of this paragraph employee exposure is that which
would occur if the employee were not using a respirator.

(c) Methods of measurement. (1) An employee's exposure shall be
obtained by any combination of long term or short term samples which

represents the employee's actual exposure averaged over an eight-hour
work shift,

(2) The method of measurement shall have an accuracy, to a
confidence level of 95 percent, of not less than that given in Table 1.

Table 1
Concentration: Required accuracy (percent)
Above permissible exposure~ - = = = = = = = = « - - - +25
At or below the permissible exposure and above -
the action level = = = = = = = = = = = = = o = - - +35
At or below the action level = = = - = = = = = = = ~ +50

A few terms in the proposed regulations require comment. An
employee exposure measurement is a TWA employee exposure as calculated
by any combination of Tong term or short term samples which represents
(provides the best estimate of) the employee's actual exposure as
averaged over an eight hour work shift. Leidel and Busch (1) have
compared the merits of sampling strategies using long term samples and
strategies using short term (grab) samples. They also gave
recommendations concerning the duration of samples, the number of

samples to take, and the period(s) during the work day when the samples
should be collected.

The method of measurement refers to the sampling apparatus used to
collect the sample along with the chemical analysis procedure used to
analyze the sample. Section (c) specifies that the required accuracy of
the method be met at a confidence level of 95%. The meaning of this
statement is that single samples will 1ie within the stated required

accuracy (percentage 1imits on each side of the true value) at least 95%
of the time.

If normally distributed errors for the method and unbiased methods
are assumed, the coefficient of variation (CV or relative standard
deviation) can be used as a parameter to judge if the method is accurate
enough to meet the standard. The CV in percentage units is defined as
100 times the ratio of the standard deviation of the method, divided by
the true concentration being analyzed. The required CV of the method is
obtained by dividing the required accuracy by 1.96 (statistical standard
normal deviate for 95% two-sided confidence limits, also referred to as
Z-value).



Typical required CV's would be:

Concentration

Above permissible exposure

At or below the permissible exposure

and above the action level

At or below the action level

Required
Accuracy Required
{(plus or minus) cv
25% Less than 12.8%
35% Less than 17.9%
50% Less than 25.5%



EMPLOYEE EXPOSURE MONITORING PROGRAMS
AND QUALITY CONTROL PROGRAMS

The technical presentations later in this report are analogous to
quality control and assurance programs used widely in industry. The
daily exposure TWA average concentrations that an employee is exposed to
during his employment is very similar to a product off an assembly line.
The assembly line product (and daily exposure average) is subject to:

1) random fluctuations in the process such as between employees
or machines performing the same task;

2) gradual trends toward an out-of-tolerance state of the process
such as might be caused by machine tool wear; and

3) sudden occurrence of defective parts due to drastic changes
in the process.

Below are some similarities between employee exposure monitoring
programs and quality control programs.

QUALITY CONTROL EMPLOYEE EXPOSURE
PROGRAMS MONITORING PROGRAMS

1) Detect if a product is out 1) Detect if any employee exposures
of tolerance or a process exceed a permissible Timit.
is yielding unsatisfactory
outputs.

2} Institute sampling plans 2) Institute a monitoring program
that furnish a maximum that needs a minimum amount of
amount of protection against sampiing for a maximum amount
sampling errors for a minimum of protection against exposure
amount of inspection. measurement errors.

3) Institute methods that 3) Institute exposure measurement
indicate quickly when something plans that indicate when
is wrong or about to go wrong the occupational exposures are
with the process before hazardous or approaching
defective work makes its hazardous levels before
appearance. overexposures occur.

4) Periodically sample from a 4) Periodically measure an employee's
production process daily exposure.

5) Limit to a Tow probability 5) Limit to a Tow probability that
that a bad lot (one contain- an employee will be overexposed
ing defectives) will be due to failure to detect days of
accepted on the "luck of the high exposure because not all days
the draw" inherent in the are measured.

sampling process.



6)

7)

Detect and attempt to correct
sources of process variability
that Tead to defectives.

Variations in

can be due to;
a) differences among machines;

b) differences among workers;

c) differences in raw materials
or component parts;

d) differences in each of these
factors over time.

product quality 7)

6) Detect and try to eliminate

sources of high employee
exposures,

Variability in measurements of
employees' daily exposures due to:
a) differences in work techniques
of individual employees (even
in the same job category);
differences in the exposure
concentrations during a day
(reflected in grab samples);
differences in the average
daily exposure concentrations
between days;
differences due to sampling
and analytical determination
random errors.
differences in locations of
an employee within the

plant

b)

c)

d)

e)



NORMAL AND LOGNORMAL FREQUENCY DISTRIBUTIONS

The statistical methods discussed later in this report assume that
concentrations in random occupational environmental samples are
Tognormally and independently distributed both within one eight hour
period and over many daily exposure averages. The following discussion
of normal and lognormal distributions is reprinted from Leidel and
Busch(1) for the convenience of the reader.

Before sample data can be statistically analyzed we must have
knowledge of the frequency distribution of the results or some
assumptions must be made. Roach (2,3,4) and Kerr(5) have assumed that
environmental data is normally distributed. However, it is well
established (6,7,8,9) that most community air pollution environmental
data is better described by a lognormal distribution. That is, the
logarithms (either base e or base 10) of the data are approximately
normally distributed. Most importantly, Breslin, et al(l0), Sherwocd
(11,12), Jones and Brief (13), Gale (14,15), Coenen (16,17), Hounam
(18), and Juda and Budzinski(l19,20) have shown that occupational
environmental data from both open air and confined work spaces for both

short (seconds) and long (days) time periods are lognormally
distributed.

What are the differences between normally and lognormally
distributed data? First, it should be remembered that a "normal”
distribution is completely determined by two parameters: 1) the
arithmetic mean gp), and 2) the standard deviation (o) of the
distribution. On the other hand, a "lognormal"” distribution is
completely determined by 1) the median or geometric mean (GM), and 2)
the geometric standard deviation (GSD). For lognormally distributed
data, a logarithmic transformation of the original data is normally
distributed. The GM and GSD of the lognormal distribution are the
antilogs of the mean and standard deviation of the logarithmic
transformation. Normally distributed data has a symmetrical
distribution curve while lognormally distributed environmental data is
generally positively skewed (long "tail" to the right indicating a
larger probability of very large concentrations than for normally
distributed data). Figure 1 compares a lognormal distribution to a
normal distribution that has the same arithmetic mean (p) and standard
deviation (o). The conditions conductive to (but not all necessary for)
the occurrence of lognormal distributions are found in occupational
environmental data. These conditions are (16):

1) the concentrations cover a wide range of values, often several orders
of magnitude, _

2) the concentrations lie close to a physical limit (zero concentration),

3) the variability of the measured concentration is of the order of the
size of the measured concentration, and

4) there is a finite probability of very large values (or data "spikes")
occurring.



The variability of occupational environmental data (differences between
repeated measurements at the same site) can usually be broken into three
major components: 1) random errors of the sampling method, 2) random
errors of the analytical method, and 3) variability of the environment with
time. The first two components of the variability are usually known in
advance and are approximately normally distributed. However the environmental
fluctuations of a contaminant in a plant usually greatly exceed the
variability of known instruments (often by factors of 10 or 20). The

above components of variability were discussed in an article by
LeClare, et al. (21).

When several samples are taken in a plant to determine the average
concentration of the contaminant and estimate the average exposure of
an employee then the lognormal distribution should be assumed.
However, the normal distribution may be used in the special cases of
l) taking a sample to check compliance with a ceiling standard, and 2)
when a sample (or samples) is taken for the entire time period for
which the standard is defined (be it 15 minutes or eight hours). 1In
these cases the entire time interval of interest is represented in the
sample and only sampling and analytical errors are present.

The relative variability of a normal distribution (such as the
random errors of the sampling and analytical procedures) is commonly
measured by the coefficient of variation (CV). The CV is also known
as the relative standard deviation. The CV is a useful index of
dispersion in that Timits consisting of the true mean of a set of data
plus or minus twice the CV will contain about 95% of the data
measurements. Thus if an analytical procedure with a CV of 10% is
used to repeatedly measure some nonvarying physical property (as the
concentration of a chemical in a beaker of solution) then about 95% of
the measurements will fall within plus or minus 20% (2 times the CV)
of the true concentration.

Unfortunately the property we are trying to measure, the
employee's exposure concentration, is not a fixed nonvarying physical
property. The exposure concentrations are fluctuating in a lognormal
manner. First, the exposure concentrations are fluctuating over the
eight hour period of the TWA exposure measurement. Breathing zone
grab samples (samples of less than about 30 minutes duration,
typically only a few minutes) tend to reflect this intraday
environmental variability so that grab sample results have relatively
high variability. However, intraday variability in the sample results
can be eliminated from measurement variability by going to a full
period sampling strategy as discussed by Leidel and Busch(1l). The day
to day (interday) variability of the of the true 8-hour TWA exposures
is also lognormally distributed. It is this interday variability
which creates a need for an action Tevel where only one day's exposure
measurement is used to draw conclusions regarding compliance on
unmeasured days.




The parameter often used to express either the intraday or
interday environmental variability is the geometric standard deviation
(GSD). A GSD of 1.0 represents absolutely no variability in the
environment. GSDs of 2.0 and above represent relatively high
variability. The section following discusses typical GSDs found in
occupational environments. ’

Hald(22) states that the shape of lognormal distributions with low
variabilities, such as those with GSDs less than about 1.4, roughly
approximate normal distribution shapes. For this range of GSDs there
is a rough equivalnece between the GSD and CV as follows:

GSD Approximate CV
1.40 35%

1.30 27%

1.20 18%

1.10 9.6%

1.05 4.9%




OCCUPATIONAL ENVIRONMENTAL VARIABILITY

In order to use the statistical model in the next section, one
must have estimates of the typical temporal variabilities found in the
occupational environment. As discussed previously, the parameter used
as a measure of varjability is the geometric standard deviation (GSD).

Ayer and Burg(23) estimated and compiled over 100 GSD's from the
Titerature and other data available to the authors. A histogram of
the Ayer and Burg data is shown in Figure 2. The median category for
the Ayer and Burg GSD's is 1.60 to 1.69. That is, about one half of
the 105 GSD's 1ie below 1.65 and one half exceed 1.65. Also, less
than 7% of their GSD's 1ie below 1.20.

The Ayer and Burg data is almost exclusively particulate samples.
That is, the samples were collected for materials such as silica dust,
lead dust, cotton dust, asbestos dust, and radioactive particles.
Since there might be a difference in GSD's between particulate
atmospheres and gas/vapor atmospheres a data analysis of gas and vapor
data was conducted. The Hazard Evaluation Services Branch of the
NIOSH, Division of Technical Services has conducted over 200 Health
Hazard Evaluations under the provisions of 42 CFR Part 85. These
investigations are conducted by trained NIOSH industrial hygienists
using the latest sampling methods. The samples are generally analyzed
by the NIOSH Physical and Chemical Analysis Branch which operates
under a stringent analytical quality control program. The file of 204
reports was searched for appropriate data for analysis using the
following guidelines:

a) select only gas and vapor samples,

b) select only breathing zone samples (exclude
general air samples),

c) select sample groups where exposure levels were
generally greater than 25% of the standards,

d) select sample groups with three or more samples.

The results are shown in Table 2. There were 59 GSD's calculated
and their distribution is shown in the histogram of Figure 3. The
median category for the gas and vapor data is 1.50 to 1.59. That is,
about one half the GSD's 1lie below 1.55 and one half exceed 1.55.

This is Tower than the 1.65 median of the Ayer and Burg(22)
particulate data. However, conclusions regarding significant
differences between the distributions should not be made since the
techniques of data selection, group sizes, and GSD calculation differ
between the particulate GSD's and gas and vapor GSDs. Many of the gas
and vapor GSDs group sizes had sample sizes of three.

- 11 -



The purpose of presenting the preceding GSDs was to show the range
of GSDs found in particulate, gas, and vapor samples. Three basic
types of variability were tabulated:

1) interoperator (between workers in the same job category),
2) intraday (between samples taken on one eight-hour

shift on one worker),
3) interday (between daily exposure averages (8-hour TWA)

on the same worker).
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Statistical Theory for Tolerance Limits on Time Weighted Average (TWA) Daily

Exposures and Associated Employee Risk Curves

In an ear]ier‘section of this report entitled Normal and Lognormal Frequency
Distributions, we have documented the basis for statistical assumptions
regarding the distributional forms of component errors which make up the
total error in an environmental measurement of employee exposure. In this
section, these assumptions are given in mathematical form and statistical
formulae are derived which will be useful for evaluating the risk that
excessive TWA employee exposures have occurred or will occur on other work
days as a function of today's measured exposure level. Such risk curves
obviously relate to the validity of the action level concept. Specifically,
we will now introduce the following model for a kth replicate concentration
measurement (xijk) made at a jth randomly selected sampling period of the

work day on an ith randomly selected work day.

)

= . .. T .. . :
_le H d1 9(1)‘} a(u)k where

u = the true long term mean of 8-hour TWA's. The process is assumed to

be stable so that exposure levels exhibit no trends or cycles.

di = factor for the ith day, i =1, 2, . . . The true mean for the ith

day is denoted by uy =M di .

e(i)j = factor for the jth sampling period within the ith day,

j=1,2, ..., 9. The true mean for the jth period of

the ith day is given by Mg = u di e(

- 17 -
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a(ij)k = differential net error of sampling and analysis for the kth
sample of the jth period on the ith day, k = 1,2, . .., n.

(Each sample is assumed to be analyzed only once so that a

single term in the model can be used for the net sampling and

analysis error.)

The distribution assumptions are given below.

2 2 ,
a(ij)k v N(0, CVA “ij) where My 1s the true concentration for

the jth period of the ith day and CVA is the coefficient of variation

for analytical and sampling errors, i.e.

M5 7% i) T di ey
2 _ 2y _

The notation E( ) is utilized to indicate that the operator E (designating the
k
taking of an expected (mean) value) is applied to the population of all values
indexed by k of the function of random variables written within the parentheses.
The notation V( ) is used to denote the corresponding variance.
k
The notation x ~ N(u,cz) means that the random variable x is distributed

normally with mean u and variance 02 (standard deviation = square root of

second term within parentheses).



The multiplicative terms of the model, di and e(i)j’ represent day-to-day
and within-day variations, respectively. They are assumed to be independ-

ently log-normally distributed as indicated below.

2 2)

In di N N(-(]/Z)GD, I

In €)™ N(—(]/Z)GE, OE)

In the case of 1n di’ the mean and variance are computed over a populatior
of work days; whereas for In e(i)j’ the mean and variance are computed
over times of day within the ith work day. (Note. The means of these
random multiplicative effects are not zero on the log scale. Rather,
their In means are defined in such a way that the corresponding arithmetic
means are unity, i.e. %(di) = 1 and E(e(i)j) = 1. It follows that

2
(]/Z)UE

e is the ratio of the arithmetic mean to the geometric mean for

the ith day. The corresponding ratio between the two types of long-term

(1/2)(0% + cé) B

means is equal to e
Thus, our model for a concentration measurement, xijk’ is a mixture of log-
normally distributed inter-day and intra-day variations in conjunction with
additive normally distributed errors of sampling and assay. (This model was

developed for the case of a single assay of each sample.)

Since a model consisting of such a mixture of normal and log-normal terms 1is
very difficult to treat mathematically, a simplifying approximation will

be introduced at this time. We will approximate the normal distribution of



additive errors a(ij)k by means of a log-normal distribution of corresponding
multiplicative errors V(ij)k’ First rewrite the model in the form:

X =ud, e

ijk i €(i)5 Y(ij)k > Where
ik TN @k /v dyegny;)

It could easily be shown that V(ij)k’ the standardized multiplicative
transformation of the additive error a(ij)k’ is also normally distributed and
has mean 1 and standard deviation equal to the coefficient of variation of

the additive error. That is,
v ~ N(1 CVZ) where
(i3)k ™ T Hals

.. = d . . = .
E(V(]J)k) 1 an ¥(V(1J)k) CVA
As an approximation, we will treat this normal distribution of v's as if it

were instead a Tog-normal distribution with the same mean and variance. Under
this approximation, the log transformation of v would be treated as if it were

normally distributed with mean and variance given by:

(-172)1n (1+c¥8)

E(ln V(ij)k)
and V(In vy ) = Tn ()

These formulas can be derived from general formulae given in Aitchison and

Brown (24).
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To summarize, we have introduced a log-normal approximation to the normal

distribution of v, so that hereafter we will assume:

), Tn (1+CV2)).

2
In v(ij)k' v N(-1/2 In (1+CV A

A
Hald (22) indicates that this should be an excellent approximation - certain-
1y good enough for use in making calculations such as ours - so Tong as

CVA < 1/3 (which will almost certainly be the case).

Under the above approximation, the full concentration model can now be

written in terms of its logarithmic transform:

., = + .+ .+ .. .
In x1Jk In u + In d1 In e(])J In V(1J)k

Since the terms on the right are a linear combination of independently

normally distributed variables, it follows that the sum is also normally

distributed as follows:

2

p* oF

In x;.. v N(In n - (1/2) (o £

2 2 2 2
iik + 1n(1+CVA)), 1n(1+CVA) + g E) .

p o

Introducing the symbol S for the Federal Health Standard (Std), the model
can also be written in terms of the standardized ratio of the measurement

divided by the standard.
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2 2 2
In(x; 5 /S) ~ N(In(u/S) = (1/2)(af + of + In(14cV2)), 1n(1+cv§) ¥ og ¥ og) :
_ 2 2
where: V(In d,) = op = (In GSD.)“ , and
j i D
_ 2. 2
Y(]n e(i)j) = of (1n GSDE) )

J
The true TWA average exposure concentration for the ith day was defined to

be:

PR jEk (xijk) = 4 di , SO that

1nu1.= lnu+1nd1.
Since In My is simply a constant (In u) added to a normally distributed

random variable, it is easy to write the (1 - o)-level fractile of the

distribution of values of 1In (“i/s)' We have

1n(ui/s) v N(In(w/S) - (1/2)0%, OS) so that the required

fractile is defined by the following probability expression:

P(In(u3/S) > w/S) - (1/2)af + 2, g op) =0

where Zl-e is the 1-6 fractile of the standard normal distribution. For

example, Z 95 ° 1.645 for 0 = .05.

.



Now let di' be the day-effect factor for a randomly selected work day other
than that whose TWA measurement we have at hand, i.e. let i' # i. The

following distribution will also be useful to us further below.

+o'2

(x5 /dg0) v N(In u - (1/2)(c§ + Tn(14CVe ).

2 2
A))’ 1n(1+CVA) + 20

D

Based on the last-written distribution, we can make another probability
statement involving a (1-y) fractile of the distribution of 1n(xijk/di')’

namely

P(Tn X;5 = Tndyy < Tn o - (1/2)(o§ ¥ 1n(1+cvﬁ))

-7

2 2 2
'ﬁn('|+CVA + ZUD + g Y .

1-y E )

Now rearrange terms of the inequality in order to obtain a .(1-y) level

fractile 1imit for the Togarithms of the true mean of the i'th day.

2 2
Pe (In u + 1In d:v > 1n Xji ¥ (1/2)(0E + 1n(1+CVA)) I

2 2
_Y'Vﬁn(1+CVi) + 20 + o ) = oy .

+ 7 D

1
In this latter context, the quantity y is no longer a true probability and
is called instead a confidence coefficient. It is denoted by PF since such
a probability (representing degree of belief) can also be derived through

the theory of so-called fiducial probability distributions.




Remembering that 1n Mjr © Inp+1dn di' , we can then write:

Pe(In(u;1/S) > Tn(x; /) + (1/2)(02 ¥ 1n(1+cv§))

2 2 2 _
+ Z]_Y%H(HCVA) + 20’D + oF ) = v

The above inequality whose confidence coefficient is given by y is similar to

another whose probability was derived earlier and will be rewritten here:

P(In(u;/S) > In(w/S)-05/2 + Z;__ o) =6

Both the confidence coefficient Y and the probability e express, in
different ways, degrees of belief that a future true TWA daily mean will
exceed a limiting value. The Timit given in the probability statement o

is a true 1-0 level fractile but it cannot be known because it is a

function of the unknown true long-term mean. On the other hand, the 1imit
given with confidence coefficient y is an estimated fractile because it is a
function of the random measurement Xijk .
will be referred to as an upper tolerance limit (UTL). We will now attempt

The latter limit (using PF and y)

to choose the standard normal deviate Z]_Y in the expression for the random
UTL so that we can have a desired probability, P say, that the random upper
tolerance 1imit will be less than the true (fixed) fractile 1imit. Such a
value of P will also be equal to the probability that y exceeds o or,

equivalently, P can be defined as follows:

P = P(at least 100 0% of true daily means will exceed the random

upper tolerance limit (UTL) calculated from xijk)'

- 2 - d




Our purpose in developing this theory, of course, is to be able to evaluate
an employee's risk of being exposed above the standard as a function of:

1) the current day's exposure measurement, and 2) the magnitudes of various
types of temporal variation in the true exposure level and of measurement
errors. The above definition of P can be adapted to this purpose by setting

UTL = S. The resultant P has the following meaning:

P = P(100 6% or more of daily means exceed S).

The steps required to derive a formula for P are given below.

P="P(y > 0)
= P(In(x,../S) + (1/2) (o + Tn(14CV2))
ijk E A
+ z]_Y-vﬁn(1+cv§) + 205 + 02 < In(w/S) - o5/2 + I, op)
= POIN(Xeo /u)  Zy - on - (172) (62 + o2 + Tn(1+CV2)
ijk"’ “1-e °D D" % A

-7 _Y'vﬁn(1+cv§) + 202 + 02

1 D E )
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Since In (x/u) is normally distributed, P can be found from a table of the

standardized normal distribution, where

Zp 2
Y N (V2 Pl LA L T
_ NP I N
Zp = (1) o - 2, V(14012 + 20y +0p )/ Vin(1+evd) + o + o2

Solving for Z1-¥ yields the solution:

- 2 2 2 2 2 2
Iy = (2,4 op - Zp 1n(1+ch) toptor )/ 1/1n(1+ch) + 200 + of

which is the required factor for calculating tolerance Timits which are

exceeded by 100 0% or more of true daily means 100 P% of the time.

Now equate the (1-y)-level upper tolerance Timit for the true daily mean to

S; i.e. set UTL, the upper tolerance limit for “1/5= equal to unity.

In(UTL) = 1n(1) = 0 = In(x;;,/s) + (1/2)(02 + In(14cud))

+02

2 2
v ¢{n(1+CVA) + 20 E

D

where 21_Y is given by the previous formula.
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Solve the Tast two equations simultaneously for Zp. The solution is:

Zp = (nlxg4/S) + 2y _g oy + (1/2)In(1+0V2) + (1/2)o2) / Vin(1+cv?) + o +

2
A D E
In order to simplify a graphical presentation of this result, we will assume
that an intermediate level, CVA = 0.10, for the coefficient of variation of
sampling and analytical error exists and that a TWA concentration measurement
;f.k has been made based on a sample taken over the full period of the

standard so that oé = 0. Then ZP reduces to

Zy = (% 1 /9) + 2y g ap + (172)1(1.01) /7 Vn(1.01) + o2 |
Corresponding values of P = P(100 0% or more of daily TWA exposures exceed S)
were obtained by referring ZP vé]ues to tables of the normal distribution.

The P values were then plotted against x/S (i.e. i}.k) as shown in Figure (4)
for © = .05, Different curves are shown for several values of GSDD - for each
of these curves cé = 0 and CVA = 0.1 were used in conjunction with GSDD to
calculate the total error which determines the risk P. However, the curves

are identified only by the chosen GSDD values for "pure" day-to-day variability

since the other components of error are the same for all curves.
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DISCUSSTION AND RECOMMENDATIONS

The primary consideration of the action level is to protect
employees from overexposures (exposures exceeding the permissible
exposure limit). The employer should minimize the possibility for each
employee that even a low percentage of the true daily exposure {(8-hour
TWA) averages exceed the standard. Stated differently, the employer
should monitor each employee in such a fashion that there is a high
degree of confidence that each employee has a high percentage of actual
daily exposures below the standard.

The proposed rules require in effect that decisions concerning an
employee's exposure status be made on the basis of one days' exposure
measurement out of many possible exposure days. If the employee's
exposure status is at or above the action level, but not above the
permissible exposure standard, an exposure measurement must be made for
that employee at least every two months (about every 42 working days).

An exposure measurement on one day is an estimate of the true daily
exposure average for that day. The true daily exposure for one day in
turn was chosen from a lognormal distribution of other true daily
exposures covering the period selected. The problem can now be
formulated into a statistical one. The statistical methods of the
preceding section were developed and Figure 4 is the result of
calculations using these methods.

Figure 4 shows the effect the day to day variability in true daily
exposure averages (and a sampling/analytical CV of 10%) has on the
confidence coefficient (probability) that a least 5% (or greater) of
actual daily exposure (8-hour TWA) averages exceed if the one days'
exposure measurement (8-hour TWA) is at or below the standard.
Basically, Figure 4 shows the probability that at least 5% of an
employee's unmeasured true daily exposure averages will exceed the
standard given the fact that one days' measurement happened to fall
below the standard. Declaring an employee as "safe" and never sampling
again because one days' exposure measurement fell below the standard
would be analogous to accepting a factory's entire production on the
basis of only one tested product.

Figure 4 is the primary technical basis for the recommendation of an
action level of one half (0.5) the standard. It is felt that the
employer should try to 1imit to 5% probability, that no more than 5% (or
greater) of an employee's actual (true) daily exposure averages exceed
the standard. Figure 4 shows that the action Tevel for this low 0.05
probability (confidence of 95%) is a function of the interday
variability of the true daily exposures (combined with an assumed
sampling/analytical CV of 10%). Higher GSDs require lower fractional
action levels. A GSD of 2.0 requires an action level as Tow as 0.115 of
the standard.
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Figure 4 was prepared using an assumed 10% sampling and analytical
coefficient of variation (CV ). This corresponds to a measurement
method with about a 20% accuracy at a confidence level of 95%. However,
the curves are labeled for "pure" interday variability. It is very
important to realize that the measurement method error makes a very
minor contribution to the calculated employee risk of having a given
percentage of the true daily averages exceed the standard. The
calculated risk is almost solely a function of the day to day
variability.

A variable action level for each employee based on the day to day
variability of each employee's daily exposure averages was considered.
However, a relatively large number of samples would have to be taken in
order to determine each employee's variability to any degree of
accuracy. This was considered to be an unreasonable burden on the
employer. Instead it is felt the best answer is to choose an action
level based on typical variabilities found in industry.

Figure 4 shows that employees with day to day daily exposure average
variabilities less than about 1.22 (combined with a sampling/analytical
CV of 10%) have less than 5% probability of having 5% of their true
daily exposures exceed the standard on unmeasured days. It is felt that
very few interday variabilities are less than 1.22. Note that if one
measured daily exposure average is at one half the standard then the
following probabilities exist that at least 5% of the unmeasured true
daily averages exceed the standard:

Interday Variability Probability
GSD = 1.3 17%
= 1.5 47%
= 2.0 72%
= 3.0 83%

Finally, it should be noted that the above considerations are very
conservative regarding the stability of the distribution of true daily
exposures the employee is confronted with. The only variabilities
considered are random ones. That is, there is the possibility of
unpredictable upward trends or sudden increases in the distribution of
daily exposures due to changes in the employee's environment such as:

1) closing plant doors and windows in cold seasons,

2) decreases in efficiency or failure of engineering control
- measures such as ventilation systems,

3) changes in the production process leading to increased
exposures.



Nomenclature

Cv

GSD

S¢

std

TWA

Coefficient of variation, a measure of relative dispersion
(variability) of a normal distribution. Also known as the
relative standard deviation and is defined as (o/u)

Geometric standard deviation, a measure of relative d1§persion
(variability) of a lognormal distribution. Equal to e%

Estimated standard deviation calculated from a sample of
original data.

Estimated standard deviation of 1n (base e logarithms)
calculated from a sample of original data.

Occupational health employee exposure standard such as the
Federal standards 29 CFR 1910.1000 (formerly 29 CFR 1910.93).
Also referred to as the permissible exposure.

Time weighted average employee exposure over an eight hour work
shift as defined in 29 CFR 1910.1000(d)(1).

Estimated TWA employee exposure as calculated by a combination
of long term or short term samples which represents (provides
the best estimate of) the employee's actual exposure as
averaged over an eight hour work shift.

Standard deviation which is well known from prior data (can be
estimated by s).

True average of a population and is usually referred to as the
mean to differentiate it from the calculated average of a group
of samples drawn from the population

Standard deviation of 1n (base e logarithms) which can be
estimated by sp.
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Frequency of Occurrence

X = Arithmetic Mean
GM = Geometric Mean
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Lognormal and normal distributions with the
same arithmetic mean and standard deviation.
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